Background: The mu-opioid antagonist, naltrexone (NTX), is a FDA-approved treatment for alcohol use disorder (AUD); however, the data on whether it differentially affects males vs. females are mixed. NTX increases hypothalamic-pituitary-adrenal (HPA) axis activity that associates with subjective responses to alcohol and craving in individuals with AUD. The present study tested for sex differences in the ability of NTX to decrease appetitive and consummatory behaviors in rats in operant alcohol self-administration. Because the opioid system and HPA axis are sexually dimorphic, we examined NTX's effect on adrenocorticotropic hormone (ACTH) and corticosterone (CORT) levels. Methods: Male and female Sprague-Dawley rats (n's = 6-8) were trained to lever press for alcohol (10% v/v) under a fixed-ratio 2 schedule of reinforcement. NTX doses (0, 0.1-10 mg/kg) were assessed in tests conducted under a progressive ratio schedule of reinforcement. Separate groups of alcohol and water drinking rats (n's = 8) were used to assess NTX's (10 mg/kg) effects on HPA axis hormones. Results: NTX decreased consummatory behaviors for alcohol in a dose-related manner, but not appetitive behaviors in males. In females, NTX decreased appetitive behaviors for alcohol in a dose-dependent manner, but only decreased consummatory behaviors at the highest (10 mg/kg) NTX dose. NTX increased ACTH levels in alcohol drinking females in diestrus, but not in other groups. However, NTX increased CORT levels for longer durations in alcohol drinking males relative to alcohol drinking females in diestrus. Conclusions: Our findings suggest that NTX selectively reduces consummatory behaviors for alcohol in males and appetitive behaviors in females, while also showing differential sex effects on HPA hormones.
Introduction
According to the 2015 National Survey on Drug Use and Health, 15 million adults had a diagnosis of alcohol use disorder (AUD) with > 5 million of these cases occurring in females (SAMHSA, 2015) . Although AUD is twice as likely to be diagnosed in males, females are more susceptible to negative health consequences associated with alcohol consumption. For example, females who consume alcohol have an increased risk of cirrhosis of the liver and hepatitis (Loft et al., 1987) , breast cancer (Smith-Warner et al., 1998; Hamajima et al., 2002) , cardiovascular disease (Urbano-Marquez et al., 1995) , and brain damage (Mann et al., 2005) . Increased susceptibility to these conditions may be due to underlying sex differences in alcohol metabolism. For instance, females have greater blood alcohol levels after drinking equivalent amounts of alcohol (Baraona et al., 2001; Frezza et al., 1990) and less alcohol metabolizing enzymes compared to males (Baraona et al., 2001) . Given the detrimental effect of AUD in females, it is essential to have treatments that are effective in this vulnerable population.
Naltrexone (NTX) is a mu opioid antagonist that has shown modest efficacy in treating AUD. In human laboratory studies, NTX reduces alcohol's positive subjective effects (Ray and Hutchison, 2007; Drobes et al., 2004; Ray et al., 2009 ) and exacerbates negative subjective effects (King et al., 1997; Ray et al., 2009) , thereby contributing to attenuation of alcohol self-administration. NTX prevents alcohol-induced dopamine release in the ventral tegmental area and nucleus accumbens (Koob and Le Moal, 2008; Kreek, 1996) , key brain regions involved in reward processes. In addition, NTX's efficacy in treating AUD may also be due to its effects on dopamine-independent mechanisms. Acute alcohol consumption stimulates the hypothalamic-pituitary-adrenal (HPA) axis (Jenkins and Connolly, 1968) , while chronic alcohol intake leads to allostatic changes that contribute to blunted HPA activity in several HPA functional tests (Wand and Dobs, 1991; Vescovi et al., 1997; Sorocco et al., 2006) and in response to alcohol consumption (Adinoff et al., 1990; Inder et al., 1995) . Indeed, individuals with AUD often suffer from neuroendocrine tolerance (Adinoff et al., 1998; Adinoff et al., 2005) , a condition that associates with an increased risk of early relapse in humans (Junghanns et al., 2003; Junghanns et al., 2005) and doubles alcohol consumption in both continuous-and limited-access two bottle choice paradigms in mice (Olive et al., 2003) . NTX stimulates the HPA axis in individuals with AUD by preventing beta endorphin-induced inhibition of corticotrophin releasing factor in the paraventricular nucleus of the hypothalamus (Zhou and Kreek, 2014) . NTX-induced stimulation of HPA activity negatively associates with alcohol craving and risk of relapse in individuals with AUD (Farren et al., 1999; Kiefer et al., 2006; O'Malley et al., 2002) . Interestingly, in a sample of hazardous drinkers that do not meet clinical criteria for AUD, no association between NTX-induced elevations in cortisol levels and alcohol craving was found (Ray et al., 2009) . Unfortunately, NTX's efficacy in females with AUD has not been thoroughly explored. Additionally, there is a sparse literature examining NTX's effects on HPA activity in alcohol drinking females.
The few studies examining NTX's efficacy in females with AUD have revealed inconsistent findings (Agabio et al., 2016; Canidate et al., 2017) . For example, in humans, studies have found decreases, increases, and no change in NTX's efficacy in males compared to females (Garbutt et al., 2005; Kiefer et al., 2005; Greenfield et al., 2010; Baros et al., 2008; Pettinati et al., 2008) . There are several differences across clinical studies. For instance, there are variations in drinking outcomes measured, duration of NTX treatment, and drinking history of participants, among others. Furthermore, males and females are often collapsed together in statistical analyses examining the relationship between NTX and the HPA axis in alcohol drinking humans. Thus, it remains unclear whether naltrexone stimulates HPA axis activity in females with AUD, and if so, whether cortisol associates with appetitive and/or consummatory behaviors for alcohol in females. Animal studies are beneficial to address these questions in that the environment can be strictly controlled and variables of interest can be selectively manipulated and precisely measured. Although many animal studies have supported NTX's efficacy at reducing alcohol consumption, few have included females, especially in studies using operant self-administration procedures. To our knowledge, no study has examined sex differences in NTX's effect on operant alcohol self-administration using an outbred rat strain. Lack of such information is concerning given evidence that the opioid system (Zubieta et al., 1999; Zubieta et al., 2002) and HPA axis (Kudielka and Kirschbaum, 2005; Kitay, 1963; Kitay, 1961) are sexually dimorphic. In addition, males and females of outbred rat strains differ in appetitive and consummatory responses for alcohol in operant procedures (Nieto and Kosten, 2017; Bertholomey et al., 2016) . Appetitive and consummatory behaviors characterize distinct stages of the addiction cycle (Koob et al., 2009) and are regulated by separate neurobiological processes (Slawecki and Roth, 2003; Sharpe and Samson, 2001 ). In addition, appetitive behaviors can interrupt consumption (Breland and Breland, 1961) ; thus, it would be useful to determine the efficacy of AUD pharmacotherapies on both behaviors within the same operant session (Kosten and Meisch, 2013) . Therefore, the purpose of this study is to examine sex differences in NTX effects on appetitive and consummatory behaviors during operant alcohol selfadministration and HPA axis activity in alcohol drinking SpragueDawley rats.
Materials and methods

Animals
Adult (postnatal day 90-100) male (400-500 g) and female (200-250 g) Sprague-Dawley rats (Charles River, Wilmington, MA) were used in this study. Rats were single-housed in amber polysulfone cages and kept in a temperature-and humidity-controlled vivarium maintained on a 12:12 light/dark cycle (lights on at 7:00 AM). Rats were single-housed to more accurately measure alcohol consumption during overnight drinking in the dark (described below). Additionally, females used in Experiment 1 were free-cycling, while females in diestrus were used in Experiment 2. Animals were given ad libitum access to food and water except during fluid restriction as described below. The Institutional Animal Care and Use Committee at the University of Houston approved the experimental procedures in accordance with guidelines set forth in the "Guide for the Care and Use of Laboratory Animals 8th Edition".
Solution and drug preparations
Alcohol (ethyl alcohol, 190 Proof, USP grade, Koptec, King of Prussia, PA) was mixed with tap water to reach a concentration of 10% alcohol (v/v) solution. Naltrexone HCI (NTX; Sigma-Aldrich, St. Louis, MO) was dissolved in isotonic saline at a concentration of 1 mg/mL. NTX was administered subcutaneously (SC) at the following doses: 0 (isotonic saline), 0.1, 0.3, 1, 3, and 10 mg/kg immediately prior to the start of the test session. In the operant studies, each dose was tested twice per animal and the means of those two tests were used. Order of dose presentation was non-systematic and counterbalanced across animals.
Alcohol drinking in the dark schedule
Rats in the operant studies (Experiment 1) were subjected to a drinking in the dark (DID) schedule beginning two weeks before selfadministration training and continued for the remainder of the experiment. Outbred rat strains do not readily self-administer unadulterated alcohol; thus, certain procedures have been developed to facilitate operant alcohol self-administration (Bell et al., 2017) . A prior drinking history is one approach to encourage operant alcohol selfadministration in outbred rats (Weiss, 2011) . Thus, rats were kept on DID throughout Experiment 1 to maintain stable self-administration. Alcohol drinking rats used for the HPA axis hormone studies (Experiment 2) remained on DID schedule for 16 weeks (Table 1) . DID was conducted as described previously in (Nieto and Kosten, 2017) . Briefly, rats were given access to only 10% alcohol (v/v) for a 16 h period (5 pm to 9 am) with water available for 1 h during the mornings. Self-administration procedures and blood withdrawals began 3-6 h after the end of the DID period. Since rats advanced through the self-administration phases individually, only alcohol intake prior to NTX administration was analyzed. Alcohol intake and body weights were measured weekly throughout the entire course of the study. Alcohol intake was converted to g/kg to provide amount of alcohol consumed. S.J. Nieto et al. Pharmacology, Biochemistry and Behavior 167 (2018) 50-59 2.4. Experiment 1: NTX effects on operant alcohol self-administration
In Experiment 1, separate groups of male (n = 6) and freely cycling female (n = 8) rats were trained to lever-press for an alcohol solution. Baseline sex differences from these animals in appetitive and consummatory responses have been previously reported (Nieto and Kosten, 2017) . All other operant data from these animals have not been previously published.
Self-administration apparatus
The present study used 10 standard operant chambers (Coulbourn Instruments, Allentown, PA) enclosed in sound attenuating cubicles (Coulbourn Instruments). Each chamber was equipped with two levers on either side of an access area into which a dipper (0.1 mL capacity) could protrude. The dipper rested in a small reservoir of alcohol fluid prior to activation. Head entries were tabulated using infrared sensors located in the dipper access area. Operant chambers were equipped with a house light, a dipper access light, and two sets of three-colored cue lights, one above each lever. Stimulus parameters and data tabulation were programmed using Graphic State Notation (version 4.0).
Self-administration training
Prior to lever training, rats were first trained to drink alcohol from the dipper for one week. Sessions started with two dipper presentations with the levers retracted. After these presentations and for the rest of these 30 min training sessions, head entries into the dipper access area triggered a dipper presentation. The length of time the dipper was presented gradually decreased from 15 s to 3 s, the duration used for the rest of the study. Lever press training began the following week. During these 30 min sessions the house light was illuminated and the levers were present in the chamber. Sessions began with two dipper primes and then the dipper was only activated after the active lever was pressed. Inactive lever presses had no programmed consequences.
Operant training continued until the rat achieved at least 25 active lever presses and responding was consistent (< 20% variability of active lever presses over 2 days). After the animal reached stable responding on the fixed ratio 1 schedule (FR1), the response requirement to receive a dipper presentation was increased to two presses on the active lever (i.e., FR2). Once an animal showed stable responding under the FR2 schedule, test sessions were initiated.
Self-administration testing
Test sessions were conducted 3-6 h after termination of DID under a 3 h progressive ratio (PR) schedule as described previously (Kosten, 2011; Walker and Koob, 2008; Nieto and Kosten, 2017) . On this schedule of reinforcement, animals must respond for deliveries of a fluid reinforcer at higher levels for each subsequent delivery in the following steps: 1, 1, 2, 2, 3, 3, 4, 4, 5, 5, 7, 7, 9, 9, 11, 11, 13, 13, 15, 15, 18, 18, 21, 21, 24, 24, etc. 
Appetitive and consummatory behaviors
Both appetitive and consummatory behaviors were assessed during the 3 h PR test. Appetitive responses include: dipper approaches defined as the total number of head entries into the dipper access area whether the dipper containing alcohol was present or not, active lever approaches defined as the number of active presses, and final ratio completed. Inactive lever presses were assessed as a measure of non-specific responding. Consummatory behaviors include: reinforcers delivered defined as the number of dipper presentations into the access area and reinforcers consumed defined as the number of head entries into the dipper access area when the dipper was present.
Experiment 2: NTX effects on HPA axis activity
In Experiment 2, separate cohorts of male (n = 8) and female (n = 8) alcohol and water drinking rats were used for HPA axis hormone studies. At the end of the 16 week DID period, male and diestrus female rats were treated with NTX (10 mg/kg) or isotonic saline prior to blood collection for adrenocorticotropic hormone (ACTH) and corticosterone (CORT) level determination. Drug administration was counterbalanced and there was a 4-5 day interval between saline and drug administrations for all animals to account for estrous cycling in females.
ACTH and CORT studies
Blood was collected in EDTA-coated microcentrifuge tubes from the lateral saphenous vein of alcohol and water drinking rats immediately before (baseline) and at 15, 30, and 60 min after saline or NTX administration. After collection, blood was immediately spun down, plasma collected and stored according to manufacturer instructions. Enzyme-linked immunosorbent assays were used to measure ACTH (Phoenix Pharmaceuticals, Burlingame, CA) and CORT levels (Diagnostic System Laboratories, Webster, TX).
Estrous stage determination
To control for gonadal hormone fluctuation, female rodents were administered NTX in the diestrus stage of the estrous cycle. To determine estrous cycle stage, female rats were vaginally-lavaged with a cotton-tipped applicator dipped in water. Samples were withdrawn in early afternoon and placed on a microscope slide and dipped in Cresyl violet (Sigma Chemicals, St Louis, MO) and rinsed to eliminate excess stain. The cell morphology and dominant cell type (leukocyte in diestrus, nucleated epithelial in proestrus, or cornified epithelial in estrus) were identified under a microscope and the estrous stage determined. Diestrus was identified by a predominance of leukocytes. Female rats were habituated to the procedure for 5 days before NTX exposure. Although chronic alcohol consumption disrupts menstrual cycling in women (Emanuele et al., 2002) , we did not observe a disruption in estrous cycling between alcohol drinking and control females. All females used in Experiment 2 displayed a 4-5 day estrous cycle. However, it is important to note that Experiment 2 was not designed to measure alcohol's influence on estrous phases, rather diestrus females were used as a control for HPA axis hormone fluctuations that occur over the estrous cycle. As such, detailed measures of estrous cycling were not recorded. To account for estrous cycling in females, there was a 5 day interval between injections in males.
Statistical analyses
Alcohol intake (g/kg) during DID was analyzed using a two way mixed design ANOVA with Sex as the between group factor and Week as the repeated measure factor. Sex differences in average weekly alcohol intake during DID were determined using a Student's t-test. Appetitive and consummatory behaviors during self-administration were analyzed using mixed design ANOVAs with Sex as the between group factor and Dose (0-10 mg/kg) as the within factor. Given the well-known sex differences in operant responding for alcohol, we planned a priori to compare NTX doses to saline using Dunnet's post hoc comparisons within each sex. Final ratios completed were analyzed using nonparametric Wilcoxon-Matched Pairs tests because these data are derived from an escalating exponential function. ACTH and CORT levels were analyzed using mixed design ANOVAs with Sex and Solution (alcohol vs water) as the between group factors and Treatment (saline vs 10 mg/kg NTX) and Time (Baseline-60 min) as repeated measures factors. Tukey post hoc tests were used to follow up on significant main effects. Within each sex, time points were compared to baseline using Dunnet's post hoc comparisons. All statistical analyses were performed using SAS software 9.4 (SAS Institute, Cary, NC) with statistical significance defined as p < 0.05. Data are presented as mean ± SEM; however, data for final ratio completed are presented as median and interquartile range.
Results
Alcohol drinking in the dark consumption
The mean weekly alcohol intake consumed (converted to g/kg) during DID for animals in Experiment 1 was previously reported in (Nieto and Kosten, 2017) ; however, all other data from these cohorts have not been previously published. Alcohol consumption during DID for animals in Experiment 2 is shown in Fig. 1 . We averaged daily alcohol consumption into weekly blocks. A two way mixed design ANOVA yielded significant main effects of Time, F (15, 240) = 29.94, p < 0.001, Sex, F (1, 16) = 11.31, p < 0.01, and a significant Time × Sex interaction, F (15, 240) = 18.47, p < 0.0001. Overall, females consumed between 4 and 10 g/kg daily and males consumed between 4 and 8 g/kg daily across weeks of the study (Fig. 1A ). An analysis of average daily alcohol intake across all 16 weeks (Fig. 1B ) revealed higher consumption in females relative to males, t (30) = 2.52, p < 0.05.
Appetitive responses
The effects of NTX on dipper approaches for alcohol are shown in Fig. 2A . There was a significant main effect for Dose, F (5, 80) = 7.87, p < 0.0001, Sex, F (1, 16) = 9.91, p = 0.0062, and a significant Dose × Sex interaction, F (5, 80) = 3.24, p = 0.0103. Post hoc analysis revealed that NTX (0.3-10 mg/kg) decreased dipper approaches for alcohol in females, but not in males (p's < 0.05).
The effects of NTX on active lever presses for alcohol are shown in Fig. 2B . There was a significant main effect of Dose, F (5, 80) = 9.09, p < 0.0001, and Sex, F (1, 16) = 19.76, p = 0.0004 indicating that females emitted greater active lever presses for alcohol compared to males. Post hoc comparisons revealed that within females, the 10 mg/ kg dose of NTX decreased active lever presses compared to saline, p < 0.05. Within males, the 0.1 mg/kg dose of NTX increased active lever presses compared to saline, p < 0.05. The effects of NTX on final ratio completed in male and female rats responding for alcohol are shown in Fig. 2C . The 10 mg/kg dose of NTX significantly decreased final ratios completed in females compared to saline (p < 0.05), while the 1 (p < 0.01), and 10 (p < 0.01) mg/kg doses significantly decreased final ratios completed in males compared to the saline dose. Males also showed increased final ratios completed at the 0.1 mg/kg NTX dose (p < 0.05).
Consummatory responses
The effects of NTX on number of alcohol reinforcers delivered are shown in Fig. 2D . There was a significant main effect of Dose, F (5, 80) = 11.32, p < 0.0001, and Sex, F (1, 16) = 43.09, p < 0.0001 indicating that females received significantly more alcohol reinforcers delivered compared to males. Post hoc comparisons revealed that within females the 10 mg/kg dose significantly decreased alcohol reinforcers delivered compared to saline, p < 0.05. Within males, the 3 mg/kg (p < 0.05) and 10 mg/kg (p < 0.01) doses significantly decreased alcohol reinforcers delivered compared to saline.
The effects of NTX on number of alcohol reinforcers consumed are shown in Fig. 2E . There was a significant main effect of Dose, F (5, 80) = 5.43, p = 0.0002, and Sex, F (1, 16) = 31.36, p < 0.0001 indicating that females consumed more reinforcers compared to males. Post hoc comparisons revealed that within males the 0.3, 1, and 10 mg/ kg doses decreased alcohol reinforcers consumed compared to saline, all p's < 0.05. There were no significant effects of NTX on alcohol reinforcers consumed in females (p's > 0.10).
ACTH levels
The effects of NTX on ACTH levels in water-and alcohol-drinking rats are shown in prevented decreases in ACTH levels in alcohol drinking males (p = 0.0402), however, this effect did not reach statistical significance in control males. At baseline, ACTH levels were higher in control males relative to other groups. Dunnett's post hoc comparisons revealed that ACTH levels decreased across time points after NTX and saline administration in control males (all p's < 0.05) compared to baseline (Fig. 3A) . In alcohol drinking males (Fig. 3B) , ACTH levels remained at baseline levels after NTX injection while showing a decline 15 and 60 min post-saline injection relative to baseline. For females, there was a significant Treatment × Time interaction, F (3, 54) = 4.63, p = 0.0059. Dunnet's post hoc comparisons revealed no statistically significant differences in control females after saline or NTX administration (Fig. 3C ) relative to their respective baselines. NTX increased ACTH levels in alcohol drinking females 60 min post injection (p < 0.05) (Fig. 3D) , with no significant differences seen after saline treatment. 
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CORT levels
The effects of NTX on CORT levels in water-and alcohol-drinking rats are shown in Fig. 4 . There were significant main effects of Sex, F (1, 32) = 58.82, p < 0.0001, Treatment, F (1, 32) = 26.02, p < 0.0001, and Time, F (3, 96) = 12.26, p < 0.0001, and significant interactions of Time × Sex, F (3, 96) = 6.59, p < 0.001, and Dose × Time, F (3, 96) = 3.96, p < 0.05. Similar to the ACTH data, male and female CORT data were analyzed separately. In males, there were significant main effects of Treatment, F (1, 14) = 34.65, p < 0.0001, and Time, F (3, 42) = 60.15, p < 0.0001, and significant interactions of Treatment × Time, F (3, 42) = 13.43, p < 0.0001, and Solution × Treatment × Time, F (3, 42) = 4.24, p = 0.0027. Overall, NTX significantly elevated CORT levels in water-and alcohol-drinking male rats as a function of time. Dunnet's post hoc comparisons revealed that within water drinking males (Fig. 4A) , NTX significantly increased CORT levels 30 and 60 min post NTX injection (p's < 0.05) compared to baseline, whereas saline did not significantly alter CORT levels. In alcohol drinking males (Fig. 4B) , NTX significantly increased CORT levels 30 and 60 after injection compared to baseline (p's < 0.05) with no effect seen after saline. In diestrus females, there was a significant main effect of Treatment, F (1, 18) = 10.09, p = 0.0052, and Time, (3, 54) = 4.02, p = 0.0119, and a significant Treatment × Time interaction, F (3, 54) = 2.88, p = 0.0443. Overall, NTX significantly elevated CORT levels in water-and alcohol-drinking diestrus female rats as a function of time. Specifically, NTX increased CORT levels 30 min postinjection in water drinking females (p < 0.05) (Fig. 4C ) with no effect seen after saline. In alcohol drinking females (Fig. 4D) , NTX increased CORT levels 30 min after injection relative to baseline (p < 0.05) with no effect seen after saline.
Discussion
The results from the present study showed that NTX had dose-related and sex-dependent effects on appetitive and consummatory responses for alcohol under a PR schedule. In alcohol responding rats, NTX more readily decreased appetitive behaviors in female rats, while a reduction in consummatory behaviors was more readily achieved in male rats. Additionally, NTX (10 mg/kg) significantly increased ACTH levels in alcohol drinking females in diestrus, but not in water drinking females or males. Interestingly, alcohol drinking males showed more prolonged NTX-induced increases in CORT levels compared to diestrus 
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Pharmacology, Biochemistry and Behavior 167 (2018) 50-59 alcohol drinking. In humans with AUD, NTX reduces alcohol drinking, craving, and increases time to relapse. In addition, NTX reduces alcohol drinking in rodents and non-human primates (Altshuler et al., 1980; Gardell et al., 1996; Ji et al., 2008; Kornet et al., 1991; Myers et al., 1986; Reid et al., 1996; Volpicelli et al., 1986 ) and suppresses operant self-administration of alcohol in rats (Bienkowski et al., 1999; Czachowski and Delory, 2009; Hay et al., 2013; Ji et al., 2008; Lê et al., 1999; Sabino et al., 2006; Walker and Koob, 2008) , similar to the findings in the present study. In addition to these effects on consumption, NTX attenuates reinstatement of extinguished operant responding for alcohol induced by discriminative stimuli or by conditioned cues or contexts (Burattini et al., 2006; Ciccocioppo et al., 2002; Dayas et al., 2007; Katner et al., 1999; Marinelli et al., 2007; Pickering and Liljequist, 2003) . Alcohol-induced reinstatement is also reduced (Bienkowski et al., 1999; Hay et al., 2013; Lê et al., 1999) . Thus, across studies and procedures, primarily using male animals, NTX attenuates both appetitive and consummatory responses to alcohol. The results of the present study show that both response types can be assessed in the same session and that the efficacy of NTX differs by sex and response measure. NTX reduced operant alcohol self-administration behaviors in a sexdependent manner. We found that NTX more readily reduced appetitive behaviors in females and consummatory behaviors in males. In females, a wide range of NTX doses (0.3-10 mg/kg) decreased total number of head entries into the dipper area (dipper approaches), while the highest dose (10 mg/kg) decreased active lever presses and final ratios completed. Although NTX (1 and 3 mg/kg) also decreased final ratios completed in males, the lowest dose (0.1 mg/kg) of NTX increased active lever presses for alcohol that may be due, at least in part, to NTX's effect as a mu opioid agonist at low doses (Leonard et al., 2017) . At ultra-low doses, NTX enhances both morphine analgesia and reward (conditioned place preference) and blocks or reverses morphine tolerance in male rats (Powell et al., 2002; Shen and Crain, 1997) . We speculate that we did not observe the same enhancement of active lever presses after the lowest NTX dose in female rats because responses to opioid agonists or opioid-activating stimuli occur in a sex-dependent manner. For instance, male rats display greater sensitivity to the analgesic effects of morphine than females (Cicero et al., 1996; Baamonde et al., 1989) . Similarly, men show greater mu opioid activation to painful stimuli in thalamic and limbic structures, while females show lower basal activation during pain in the nucleus accumbens (Zubieta et al., 2002) . In rats, mu opioid agonists selectively increase alcohol, but not water consumption, and alcohol responding when administered systemically or infused directly into brain structures associated with reward (Richard and Fields, 2016; Sabino et al., 2007; Zhang and Kelley, 2002) . In addition, NTX reduced alcohol reinforcers delivered in both females (10 mg/kg) and males (3 and 10 mg/kg). Males showed dose-related NTX-induced reductions in alcohol reinforcers consumed, while no significant NTX effects were seen in females. In our study, NTX was delivered via subcutaneous injection, a route of administration that enhances NTX's potency compared to an intraperitoneal injection (Williams and Broadbridge, 2009) , immediately prior to operant testing. The half-life of subcutaneously administered NTX is 4.6 h (Yoburn et al., 1986) with decreases in alcohol responding occurring 12 min post-injection (Williams and Broadbridge, 2009) . Thus, it is likely that NTX-induced decreases in appetitive and consummatory behaviors observed in our study occurred earlier in the 3 h operant session rather than later.
There is limited evidence supporting NTX's efficacy in attenuating alcohol consumption in females with AUD. These studies have used varying criteria as indicators of alcohol consumption. A few clinical studies have shown that NTX decreases alcohol quantity drunk (e.g., drinks per day) (Kranzler et al., 2009; Pettinati et al., 2008) , drinking frequency (Greenfield et al., 2010) , and time to relapse in females (Kiefer et , 2006) , with some even favoring placebo on some measures (Pettinati et al., 2008; Garbutt et al., 2005) . Our finding that NTX did not alter alcohol reinforcers consumed, coupled with the mixed human data, may indicate that NTX has minimal effects on alcohol consumption in females. Some studies in alcohol-preferring rats have included females when assessing NTX's effect on alcohol self-administration. NTX (1-10 mg/kg via subcutaneous injection 30 min prior to operant session) decreased alcohol lever presses in alcohol-preferring females during a FR5 maintenance session (Dhaher et al., 2012) , while a lower NTX dose (1 mg/kg via intraperitoneal injection 30 min prior to start of session) decreased alcohol deliveries during a PR session with no sex differences observed (Moore and Lynch, 2015) . In our study, NTX (0.3-10 mg/kg) decreased appetitive measures in alcohol responding females corroborating and extending results from Dhaher and colleagues. However, in contrast to Moore and Lynch, only the highest dose of NTX (10 mg/kg) decreased alcohol reinforcers delivered and had no effect on alcohol reinforcers consumed. Thus, female rats in our study were more sensitive to NTX-induced reductions in appetitive measures while NTX had minimal effects on consummatory behaviors. Considering variations across experimental procedures, the potential differences between rat strains highlights the need to further examine the efficacy of pharmacotherapies for AUD in outbred rat strains that better parallel genetically diverse populations, such as humans.
Few studies have directly examined sex differences in NTX's effect on alcohol craving. In clinical studies, women with AUD display greater craving reductions during the first week of NTX treatment compared to men (Herbeck et al., 2016) . The concept of drug craving is difficult to operationalize even in humans; therefore, preclinical models that mimic drug craving are lacking. In operant self-administration, procedures that employ reinstating behavior after its extinction may reflect the preoccupation-anticipation phase because it is generally tested in the absence of alcohol reinforcement and reflects appetitive behaviors (Koob et al., 2009) . Indeed, NTX does decrease numbers of active lever presses in female alcohol-preferring rats during Pavlovian spontaneous recovery and reinstatement procedures (Dhaher et al., 2012) . Unfortunately, the Dhaher study did not include males, so direct sex comparisons cannot be made. Our findings that NTX more readily decreased appetitive measures in females compared to males under a PR schedule corroborate and extend findings in inbred rat strains and clinical studies.
In addition to preventing alcohol-induced dopamine release in the ventral tegmental area and nucleus accumbens, NTX's therapeutic efficacy can also be attributed to its ability to stimulate the HPA axis. This stimulation is associated with many aspects of appetitive and consummatory behaviors for alcohol in humans. For instance, NTX-induced increases in cortisol negatively associate with alcohol consumption, craving, and relapse (Kiefer et al., 2006; Ray et al., 2009; O'Malley et al., 2002; Adinoff et al., 2005) . In human laboratory studies, NTXinduced cortisol also positively associates with alcohol's negative effects (i.e. sedation, subjective intoxication) and negatively associates with alcohol's positive subjective effects (Ray et al., 2009) . It is important to note that NTX does not always result in HPA axis stimulation in individuals with AUD (Ooteman et al., 2007; McCaul et al., 2001) . Although a few clinical studies have included females with AUD, the small sample sizes have not allowed for analysis of sex-dependent effects of NTX on HPA axis activation.
Results from the present study revealed that NTX (10 mg/kg) significantly increased ACTH levels in alcohol drinking diestrus female rats but not in male rats or in water drinking animals of either sex. Furthermore, NTX increased CORT levels in water and alcohol drinking male rats for a longer duration compared to diestrus females. Previous reports indicate that opioid antagonists, including NTX, stimulate ACTH and CORT activity in drug-and alcohol-exposed animals (Guaza and Borrell, 1984; Knych and Prohaska, 1981; Almela et al., 2012; Martínez-Laorden et al., 2012; Navarro-Zaragoza et al., 2010; Budec et al., 2002) . However, findings are less consistent in drug-naïve S.J. Nieto et al. Pharmacology, Biochemistry and Behavior 167 (2018) 50-59 animals, with some studies showing that higher doses of opioid antagonists enhance HPA activity (Eisenberg, 1984) and others showing no effects (Retana-Márquez et al., 2009; Mellon and Bayer, 1999; Knych and Prohaska, 1981; Guaza and Borrell, 1984) . Our finding that ACTH levels are less affected than CORT levels by NTX treatment is consistent with human laboratory studies showing that acute and repeated naltrexone treatments elevate basal cortisol but not ACTH levels in AUD patients (O'Malley et al., 2002) as well as in healthy males (Volavka et al., 1979) . Furthermore, clinical studies have shown that NTX-induced HPA reactivity may depend on opioid receptor pharmacogenetics. For example, HPA axis activation because of opioid antagonist administration may be specific to single nucleotide polymorphisms in the mu opioid receptor particularly in Caucasian carriers and not carriers belonging to other racial/ethnic groups (Ray et al., 2012; Hernandez-Avila et al., 2003) . NTX effects on HPA reactivity may be dependent on sex. Although investigations examining the efficacy of treatments for AUD in females are sparse, NTX decreases craving (Herbeck et al., 2016) and rates of relapse (Greenfield et al., 2010; Kiefer et al., 2005) in women with AUD; however, there are less consistent findings on NTX's ability to decrease alcohol consumption and drinking frequencies in this gender (Canidate et al., 2017) . It is possible that short-term NTX-induced HPA axis stimulation in females with AUD leads to reduced appetitive behaviors for alcohol, whereas in males, naltrexone results in HPA stimulation for a longer duration leading to decreased consummatory behaviors for alcohol. Indeed, this hypothesis is supported by clinical findings mentioned above and by the preclinical data in the present study that demonstrate NTX more readily decreased appetitive measures for alcohol in female rats compared to consummatory measures across a wide range of doses. Although the highest dose of NTX (10 mg/ kg) increased ACTH and CORT levels in alcohol drinking diestrus females, this dose did not alter alcohol reinforcers consumed in rats of this sex. Conversely, clinical evidence indicates that NTX reduces alcohol consumption in men with AUD, but there are mixed findings on NTX's ability to alter alcohol craving in this gender (Ray et al., 2009; Herbeck et al., 2016) . In agreement with clinical evidence, we observed that NTX more readily decreased consummatory measures in male rats compared to appetitive measures, a finding that was accompanied by more enduring increases in CORT in alcohol drinking males. Another possible mechanism responsible for the differential NTX-induced behavioral and physiological effects may be related to fluctuations in gonadal hormones. In a study of healthy individuals (no AUD diagnoses), NTX increased serum cortisol from baseline in women but not in men (Roche and King, 2015) . This effect was greater in luteal phase females (intermediate estrogen levels) compared to early follicular females (low estrogen levels). Additionally, luteal phase females also reported more adverse effects in response to NTX. Thus, it is possible that NTX would have had greater effects on HPA activity and, perhaps, on alcohol consummatory behaviors in females during other phases of the estrous cycle. Future work is needed to examine these questions directly.
While this study provides evidence that NTX has sex-dependent effects on alcohol self-administration and HPA reactivity, there are some limitations. Although rats in our study were single-housed to accurately measure alcohol intake during DID, housing conditions can alter drug intake, primarily in females (Becker and Koob, 2016) . For instance, isolation increases cocaine intake and breakpoints in female rats but not males (Westenbroek et al., 2013) . Therefore, isolation stress may have enhanced alcohol consumption during DID and alcohol selfadministration behaviors in females. However, it is unlikely that housing conditions influenced alcohol-motivated behaviors in our study because outbred rats of both sexes show greater voluntary alcohol consumption under social circumstances rather than alone (Varlinskaya et al., 2015) . In addition, female outbred rats voluntarily drink more alcohol under both housing conditions compared to males (Sluyter et -Devincci et al., 2010; Priddy et al., 2016) . It is likely that the DID procedures used in the current study did not induce dependence in animals as evidenced by low levels of operant responding, particularly in males. It would be important to replicate and extend our findings using validated dependence-inducing procedures, such as chronic intermittent vapor exposure Vendruscolo and Roberts, 2014) . In a similar vein, an added limitation is that we did not monitor blood alcohol levels after NTX, so the consummatory behaviors observed in the operant studies may not be reflective of levels of alcohol exposure. It is also possible that alcohol intake during DID and responding during self-administration may have been influenced by thirst rather than alcohol's reinforcing or pharmacological properties. Given that food-and fluid-restriction procedures are commonly used to encourage acquisition of alcohol and drug self-administration (Carroll and Meisch, 2011; Bell et al., 2017; Samson and Czachowski, 2003) , an appropriate control for these procedures might be to assess alcohol's efficacy as a reinforcer compared to a vehicle, such as food or water. Alcohol is chosen over natural reinforcers (water and low sucrose concentrations) when the solutions are concurrently available (Samson, 1986) . Additionally, we observed that water intake during the 1 h availability was minimal and after accounting for leakage, water intake was negligible. Thus, the reinforcing properties of alcohol, not its liquid value, likely maintained the operant behaviors observed in this study.
A wealth of human and animal studies provides evidence of sex differences in addiction. For instance, female rodents acquire drug selfadministration more readily and are more sensitive to cue-and druginduced reinstatement (Becker and Koob, 2016; Becker and Hu, 2008; Carroll, 2004; Anker and Carroll, 2010) . Despite these well-known differences, female rodents are rarely used in studies exploring the efficacy of pharmacological treatments for substance use disorders, including AUD. This is unfortunate given that women have an increased risk of harmful health conditions associated with pathological alcohol consumption (Mann et al., 2005; Smith-Warner et al., 1998; UrbanoMarquez et al., 1995) . Notably, the present study addresses this gap in research by providing evidence that NTX has dose-related and sex-dependent effects on operant alcohol self-administration and on HPA axis hormones in alcohol drinking rats. Based on the results of this study and others, we suggest that NTX-induced cortisol reactivity may associate with appetitive behaviors in females but with consummatory behaviors in males. Conducting preclinical studies using the methodology validated in the current study with an outbred rat strain of animals enhances the ability to determine if a potential treatment agent should be targeted to a specific-subtype of AUD or be used at distinct phases of treatment depending upon whether reducing craving or consumption is the treatment goal. Because treatment agents for AUD may affect appetitive and consummatory behaviors differentially by sex, the procedures employed in the present study show promise in providing information on the specificity of treatments by considering sex.
